Zinc-finger proteins of the Cys 2 -His 2 type represent a class of malleable DNA-binding proteins that may be selected to bind diverse sequences. Typically, zinc-finger proteins containing three zinc-finger domains, like the murine transcription factor Zif268 and the human transcription factor Sp1, bind nine contiguous base pairs. To create a class of proteins that would be generally applicable to target unique sites within complex genomes, we have utilized structurebased modeling to design a polypeptide linker that fuses two three-finger proteins. Two six-fingered proteins were created and demonstrated to bind 18 contiguous bp of DNA in a sequence-specific fashion. Expression of these proteins as fusions to activation or repression domains allows transcription to be specifically up-or down-modulated within human cells. Polydactyl zinc-finger proteins should be broadly applicable as genome-specific transcriptional switches in gene therapy strategies and the development of novel transgenic plants and animals.
From the simplest of organisms to the most complex, transcriptional regulation is achieved primarily by proteins that bind nucleic acids. The advent of genomic sequencing and the availability of the complete sequences of several genomes provide new opportunities to study biology and to develop therapeutic strategies through specific modulation of the transcription of target genes. Of the DNA-binding motifs that have been manipulated by design or selection, the TFIIIA-related Cys 2 -His 2 zinc-finger proteins have demonstrated the greatest potential for manipulation into general and specific transcription factors (1, 2) . Each Cys 2 -His 2 zinc-finger domain consists of approximately 30 amino acids and typically binds 3 base pairs of double-stranded DNA sequence (3, 4) .
Specific delivery of a DNA-binding protein to a single site within a genome as complex as that found in humans, 3.5 billion bp, requires an address of at least 16 bp. Statistically assuming random base distribution, a unique 16-bp sequence will occur only once in 4 16 or 4.3 billion nucleotides, roughly the same size of a human genome (3.5 ϫ 10 9 bp). An 18-bp address would be specific within 68 billion base pairs of sequence. The 18-bp address could be specified by a protein containing six zinc fingers if the periodicity of the protein domains could match that of the DNA over this extended sequence. An address of this length would be sufficient to uniquely specify any locus within all known genomes. Although natural proteins containing long polydactyl arrays of zinc-finger domains have been inferred from sequence, no zinc-finger proteins have been demonstrated to bind such a long, contiguous DNA sequence. Structural studies of the five-finger human glioblastoma (GLI) protein-DNA complex (5) and biochemical studies of the nine-finger protein TFIIIA (6, 7) have demonstrated that DNA binding in these polydactyl proteins is dominated by the interactions of a select few fingers. Sequence-specific binding of more than three contiguous zinc-finger domains within polydactyl proteins has yet to be observed.
Manipulations of the zinc-finger motif have been guided by the x-ray crystal structures of the zinc-finger protein Zif268 (3, 8) , the human GLI oncogene (5) , and the Drosophila transcription factor Tramtrack (4) in complex with DNA. Previous work has demonstrated that novel zinc-finger proteins can be designed or selected from phage display libraries to bind diverse sequences with high affinity and specificity (9) (10) (11) (12) (13) (14) (15) (16) . However, selected proteins in each of these studies have had only three zinc fingers that bind a 9-bp site. While these reports provide hope for generating zinc fingers that could bind any given sequence, the practical application of this technology to target specific genes within the complex human genome requires the specific recognition of a much longer DNA sequence, at least 16 bp. To address this shortcoming we have designed, expressed, and characterized proteins with six contiguous zinc-finger domains that bind a contiguous 18-bp site.
MATERIALS AND METHODS

Design of Linker Sequence to Connect the Three-Finger
Proteins. Coordinates for the Zif268-DNA complex were obtained from the Brookhaven Protein Data Bank. Model building was done with INSIGHTII (Biosym Technologies, San Diego). A continuous 20-bp double-stranded DNA molecule with a six-finger binding site (18 bp) was built from the coordinates for the DNA strands in the Zif268 complex (3) . Two molecules of the three-finger protein were reintroduced onto each 9-bp half-site by overlapping the Zif268-DNA complex onto the modeled DNA. It was apparent that the linker length required to connect the F3 ␣-helix to the first ␤-strand of F4 was compatible with the length of the natural linker peptides, TGQKP and TGEKP. Hence, a peptide linker, TGEKP, was constructed between F3 and F4 after trimming off the extra residues from the C and N termini of the F3 and F4, respectively. The linker was built so as to maintain the positioning and hydrogen bond characteristics observed in the two natural linker regions of Zif268.
Plasmid Construction. The six-finger protein, C7-C7, was constructed by linking two C7 proteins with the TGEKP linker peptide. Two C7 DNA fragments were created by PCR with two different sets of primers using pET3a-C7 as template (15) , so the 5Ј C7 was flanked by XhoI and Cfr101 sites at the 5Ј and 3Ј ends, respectively, and the 3Ј C7 was flanked by Cfr101 and
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and 5Ј-GAGGAGGAG-ACCGGTATGGATTTTGGTATGCCTCTTGCG-3Ј; for the 3Ј C7 they are 5Ј-GAGGAGGAGACCGGTGAGA-
and 5Ј-GAGGAGGAGACTAGTTCTAGA-GTCCTTCTGTC-3Ј. Then these two C7 DNA fragments were ligated into a pGEX-2T (Pharmacia) vector that had been modified with XhoI and SpeI sites introduced between the pGEX-2T cloning sites BamHI and EcoRI. The Cfr101 enzyme site between the two C7 fragments encodes amino acids TG, part of the TGEKP linker peptide. The fidelity of the C7-C7 sequence was determined by DNA sequencing. The C7-C7 DNA fragment was then cut out from the pGEX-2T construct with XhoI͞SpeI and cloned into a modified pMal-c2 (New England Biolabs) bacterial expression vector for the expression of C7-C7 maltose fusion proteins. For transfection experiments, the C7-C7 DNA fragment was removed via BamHI͞EcoRI excision and ligated into the corresponding sites of pcDNA3, a eukaryotic expression vector (Invitrogen).
Like the generation of C7-C7 protein, the Sp1C-C7 protein was created by linking the PCR products of Sp1C (17) and C7, which were flanked with XhoI͞Cfr101 and Cfr101͞SpeI, respectively. Then the Sp1C-C7 fragments were ligated into the pcDNA3 eukaryotic expression vector or into the pMal-c2 bacterial expression vector. The DNA sequence of the Sp1C-C7 protein was confirmed by DNA sequencing.
For reporter gene assays of activation, the reporter genes were constructed by inserting six forward tandem repeats of the individual binding sites into the NheI site at the upstream of the simian virus 40 (SV40) promoter of pGL3-promoter (Promega). In the reporter gene assays for repression, six forward tandem copies of the C7-C7 binding sites were placed upstream of the SV40 promoter at the NheI site of pGL3-control (Promega).
Expression and Purification of Zinc-Finger Proteins. Proteins were overexpressed as fusions with the maltose binding protein using the Maltose fusion and purification system (New England Biolabs). The maltose fusion proteins were purified by using amylose resin-filled affinity column according to the manufacturer's instructions. Fusion proteins were determined to be greater than 90% homogeneous as demonstrated by Coomassie blue-stained SDS͞PAGE gels. Protein concentrations were determined by amino acid analysis.
Gel Mobility-Shift Assays. To produce probes used in the gel mobility-shift assay, double-stranded oligonucleotides containing TCGA overhangs at the 5Ј end of each strand were labeled with ␣-[
32 P]dATP. The sequences of the primary strands within the duplex regions were 5Ј-GATGTATG-TAGCGTGGGCGGCGTGGGCGTA AGTA ATGC-3Ј (C7-C7 site), 5Ј-GATGTATGTAGCGTGGGCGGGGGC-GGGGTAAGTAATGC-3Ј (SP1C-C7 site), 5Ј-GATGTATG-TAGCGGCGGCGGCGGCGGCGTA AGTA ATGC-3Ј [(GCG) 6 site], 5Ј-GATGTATGTAGCGTGGGCGTAAG-TAATGC-3Ј (C7 site), and 5Ј-GATGTATGTAGGGG-CGGGGTAAGTAATGC-3Ј (Sp1C site). For each binding reaction, 1.2 g of poly(dI-dC) and 30 pM of labeled oligo were incubated with the C7-C7 maltose fusion protein (MBP-C7-C7) or Sp1C-C7 maltose fusion protein (MBP-Sp1C-C7) in 20 l of 1ϫ binding buffer (10 mM Tris⅐Cl, pH 7.5͞100 mM KCl͞1 mM MgCl 2 ͞1 mM DTT͞0.1 mM ZnCl 2 ͞10% glycerol͞ 0.02% Nonidet P-40͞0.02% BSA) for 30 min at room temperature. The reaction mixtures were then run on a 5% nondenaturing polyacrylamide gel with 0.5ϫ TBE buffer at room temperature. The radioactive signals were quantitated with a PhosphorImager (Molecular Dynamics) and recorded on x-ray films. The data were then fit using the KALEIDAGRAPH program (Synergy Software, Reading, PA) to give the equilibrium dissociation constants.
DNaseI Footprinting Analysis. DNaseI footprinting was performed using the SureTrack Footprinting Kit (Pharmacia) according to the manufacturer's instructions. Two 220-bp DNA fragments containing single C7-C7 and Sp1C-C7 binding sites were synthesized by fusion PCRs, and then cloned into pcDNA3 vector. Two sets of primers: (i) EcoRIfootF, 5Ј-GAGGAGGAGGA AT TCCGACAT T TATA ATGA A-CGTGAATTGC-3Ј, and C7-C73Ͼ5, 5Ј-TGCGCCCACGC-CGCCCACGCGATGATTGGGAGCTTTTTTTGCACG-3Ј; and (ii) C7-C75Ͼ3, 5Ј-TCGCGTGGGCGGCGTGGGCG-CA A A A A AT TAT TATCATGGAT TCTA A A ACGG-3Ј, and NotIfootB, 5Ј-GAGGAGGAGGCGGCCGCAGGTA-GATGAGATGTGACGAACGTG-3Ј were used with pGL3-promoter (Invitrogen) as template to generate the two overlapping subfragments of the C7-C7 footprinting probe. Then the two PCR products were used as template with EcoRIfootF and NotIfootB as primers to generate the 220-bp C7-C7 footprinting probe. The footprinting probe containing the Sp1C-C7 binding site was constructed the same way as the C7-C7 probe, except the oligos Sp1C-C73Ͼ5, 5Ј-TGC-C C C G C C C C C G C C C A C G C G A T G A T T G G G A G C -TTTTTTTGCACG-3Ј, and Sp1C-C75Ͼ3, TCGCGTGGGC-GGGGGCGGGGCAAAAAATTATTATCATGGATTC-TAAAACGG-3Ј were used here to replace the C7-C73Ͼ5 and C7-C75Ͼ3 oligos. pcDNA3 vectors containing the binding sites for C7-C7 or Sp1C-C7 were then digested with EcoRI and NotI. The 220-bp fragments were gel-purified and end-labeled using Klenow polymerase and [ 32 P]dATP. Because there are no thymines in the NotI site, only the strand extended at the EcoRI site is radiolabeled. Approximately 2.3 ϫ 10 4 cpm (0.1 pM) was then used in a 50-l binding reaction containing 20 g͞ml of either BSA or purified binding protein (300 nM) in 1ϫ binding buffer and 60 g͞ml poly(dI-dC) DNA. Optimal binding conditions were determined from gel shift assays. This reaction was incubated for 30 min at room temperature prior to the addition of 1 unit of DNaseI.
Luciferase Reporter Gene Assays. For the reporter gene assay experiments, 2.5 g of the individual reporter DNA and 2.5 g of the C7-C7-VP16 expression plasmids were transfected by calcium phosphate method (18) into HeLa cells that were passed the day before at 3 ϫ 10 5 cells per well of the six-well culture plate. Eighteen hours later, the cells were washed and replenished with Dulbecco's modified Eagle's medium containing 10% newborn calf serum (GIBCO͞BRL). Two days later, the cells were washed, lysed, and measured for luciferase activity using Wallac's 96-well LB96 luminometer with the luciferase assay system (Promega). The internal ␤-galactosidase activity control was measured by using a ␤-galactosidase reporter gene assay system (Tropix, Bedford, MA).
RESULTS AND DISCUSSION
Design of a Linker Peptide. To explore the possibility of connecting two three-finger protein molecules with a linker peptide, we undertook computer modeling studies based on the structure of the three zinc-finger Zif268-DNA complex (3). A six-finger-DNA complex, modeled by connecting finger 3 (F3) of Zif268 to finger 1 of a second Zif268 molecule [henceforth designated finger 4 (F4)], would help determine the length and sequence of a compatible linker peptide to be used in the construction of six-finger proteins. Study of the model (Fig. 1 ) suggested that it should be possible to produce a six-finger protein with a Thr-Gly-Glu-Lys-Pro (TGEKP) pentapeptide linker between F3 and F4 and that this polydactyl protein would most likely bind DNA containing the 18-nt site 5Ј-GCGTGGGCGGCGTGGGCG-3Ј. This pentapeptide constitutes the consensus peptide most commonly found linking zinc-finger domains in natural proteins. Prior to construction of the model, we had anticipated that the consensus peptide TGEKP would be insufficient to keep the periodicity of the zinc-finger domains in concert with that of the DNA over this extended sequence because no natural zinc-finger proteins have been demonstrated to make DNA base-specific contacts with more than three contiguous zinc-finger domains, even though natural proteins containing more than three zinc-finger domains are quite common. Comparative studies of the constructed TGEKP linker with the natural linkers observed in the Zif268 structure indicated that this linker is as optimal a linker peptide as any novel linker sequence that could be designed. In binding this extended site the modeled six-fingered protein follows the major groove of DNA for approximately two turns of the helix. Such extended contiguous binding within the major groove of DNA has not been observed with any known DNA-binding protein.
Characterization of Affinity and Specificity of Two SixFinger Proteins. To test our model we constructed two sixfinger proteins. In the first protein designated C7-C7, two copies of C7, a phage display-selected Zif268 variant (15) , were linked together via the TGEKP peptide. A second six-finger protein, Sp1C-C7, combines a designed variant of the threefinger Sp1 transcription factor, Sp1C (17), with the threefinger C7. The C7, Sp1C, C7-C7, and Sp1C-C7 proteins were overexpressed in Esherichia coli as fusions with maltosebinding protein (MBP) and purified. The affinities and specificities of these proteins were determined by electrophoretic mobility-shift assays (Fig. 2) . The results of these studies are given in Table 1 . The six-finger proteins C7-C7 and Sp1C-C7 bind their 18-bp target sequences, 5Ј-GCGTGGGCGGCGT-GGGCG-3Ј and 5Ј-GCGTGGGCGGGGGCGGGG-3Ј, respectively, with 68-to 74-fold enhanced affinity relative to the three-finger C7 or Sp1C proteins. To examine the specificity of the C7-C7 protein we studied its binding to probes containing 4-bp differences in one half-site (Sp1C-C7 probe; 5Ј-GCGTGGGCGGGGGCGGGG-3Ј) and 2-bp differences in each of the finger 2 and 5 binding sites [(GCG) 6 probe; 5Ј-GCGGCGGCGGCGGCGGCG-3Ј). These studies revealed a preference for the designed target probe of 5-fold relative to the Sp1C-C7 probe and 37-fold preference over the (GCG) 6 probe. This, together with binding studies using a probe containing the 9-bp C7 half-site, 5Ј-GCGTGGGCG-3Ј, demonstrates that mutations spread across the binding site are more disruptive to binding than ones that occur at one end of the binding site. This behavior is expected of polydactyl proteins because mutations within a given finger binding site should affect the ability of both neighbor fingers to obtain their optimal mode of binding. Similar results were obtained for the Sp1C-C7 protein (Table 1) . To further examine the binding of the C7-C7 and Sp1C-C7 proteins, DNaseI footprinting assays were performed (Fig. 3) . These studies demonstrated that both MBP fusions protected DNA-binding sites slightly longer than the 18-bp target site. This is most likely due to steric blockade by the MBP fusion at the N terminus of the protein and a decapeptide epitope tag at the C terminus of the protein.
Transcriptional Activation and Repression. To examine the specificity of the six-finger proteins in living cells, we constructed eukaryotic expression vectors that fuse the C7-C7 and Sp1C-C7 proteins to the nuclear localization signal from the SV40 large T antigen (Pro-Lys-Lys-Arg-Lys-Val) (19) and the transcriptional activation domain from the herpes simplex virus VP16 protein. These plasmids were cotransfected into the human HeLa cell line, with reporter plasmids expressing the firefly luciferase gene under control of the SV40 promoter (pGL3-promoter). The reporter plasmids were constructed with C7-C7, Sp1C-C7, C7, and (GCG) 6 binding sites placed upstream of the SV40 promoter. The results of these studies with the C7-C7 protein are given in (Fig. 4A) . Both C7-C7 and The binding affinities of purified MBP-C7-C7, MBP-Sp1C-C7, MBP-C7, and MBP-Sp1C to the above-listed target sequences were measured by protein titration with gel mobility-shift assays, and are expressed as dissociation constants Kd, which were determined with the KALEIDAGRAPH program. Sp1C-C7 (data not shown) stimulated the activity of the promoter in a dose-dependent fashion. In the C7-C7 case, a Ͼ300-fold stimulation of expression above background was observed for plasmids containing the C7-C7 binding site, whereas a similar concentration of protein stimulated expression of plasmids containing the C7 and Sp1C-C7 only about 3-fold. The in vivo specificity of this protein, indicated by an approximately 100-fold activation of the reporter plasmid bearing the proper binding site over plasmid containing a variant of the binding site, exceeds that determined in the in vitro binding assays described in Table 1 by approximately 5-to 10-fold. This enhanced specificity may be due to interactions generated by the maltose-binding protein at the N terminus of the C7-C7 fusion protein, which was used in the in vitro binding assays. Difficulty in producing the purified protein in a fully folded natural state may also contribute to the reduced specificity in the in vitro assays.
A distinct advantage of protein-based strategies over antisense or small synthetic molecules is that they can modulate transcription up or down by binding to sites within promoter or coding regions or to sites removed a great distance from these regions. The previous experiments demonstrated specific activation or up-regulation of a target gene. However, since sequence-specific repression may be applicable in gene therapy strategies that target the transcription of viral genomes such as HIV-1, we have also studied the ability of the polydactyl C7-C7 protein to down-modulate transcription of reporter plasmids expressing the firefly luciferase gene under control of the SV40 promoter and enhancer (pGL3-control). In this study we have constructed a eukaryotic expression vector that fuses the C7-C7 protein to the nuclear localization signal from the SV40 large T antigen and to a 43-amino acid peptide representing the minimal human Krüppel-associated box-A (KRAB-A) repression domain (20) (21) (22) . The KRAB-A domain is one of the strongest transcriptional repressors identified to date in higher organisms, and functions in a distance-and orientationindependent manner. The KRAB-A domain has been identified in approximately one-third of all natural Cys 2 -His 2 zincfinger proteins and is the only widely distributed transcriptional repressor motif known (23) . Cotransfection of these plasmids into HeLa cells resulted in a 93% decrease in luciferase transcription compared with controls (Fig. 4B) . Together with the activation experiments described above, these results demonstrate that designed six-finger proteins can specifically address their target sequences in living cells.
In conclusion, we have demonstrated that polydactyl arrays of as many as six zinc-finger domains can bind a contiguous 18-bp DNA sequence with high affinity and specificity and that these proteins can function in human cells to either activate or repress transcription. Previous studies have demonstrated the feasibility of evolving three-fingered proteins to bind novel sequences using the technique of phage display (10, 11, 13, 15, 16) . Together with the data presented here, a general strategy for the generation of proteins with 18-bp recognition sites is the independent evolution of two three-fingered proteins using phage display followed by fusion of these proteins with the consensus Krüppel-type linker peptide TGEKP. This strategy should be of general utility in the construction of zinc-finger proteins with genome-specific addressing potential, though exceptions may arise. Transcriptional control at the DNA level presents distinct advantages over antisense (24) , ribozymes (25) , and dominant-negative strategies (26) , because only a single site needs to be occupied as compared with targeting the many copies of mRNA or protein that could be produced from a single gene. Although there have been recent stunning advances in the design of DNA-binding pyrrole-imidazole polyamides (27) , genetically codable transcriptional modifiers will always have distinct advantages in certain applications.
We believe that polydactyl zinc-finger proteins of the type described here will find broad application in future gene therapy strategies. With respect to strategies that target HIV-1, a polydactyl zinc-finger protein specific for a conserved region of the viral genome and tethered to a KRAB-A repressor domain should inhibit transcription of the virus and hence its replication. Further, a similar protein with specificity for the human chemokine receptor gene CCR5 (28) might be used in a prophylactic gene therapy strategy to produce resistance to infection by HIV-1. Application of these proteins to engender viral resistance or to otherwise alter the phenotype of transgenic plants and animals should likewise be broad. Although we have focused our discussion on DNA recognition, zincfinger proteins of the Cys 2 -His 2 type have also been demonstrated to specifically bind DNA-RNA hybrids (14) and should be malleable via selection to binding double-stranded RNA sequences, extending the scope and application of this recognition motif even further. 
